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Abstract: 
The production of biofuel from biomaterials including cellulose is a sustainable alternative to 
fossil fuels, but the production is laborious and costly. One elaborated step, which this study 
focuses on, is the hydrolysis of cellulose by enzymes. To optimize the hydrolysis of crystalline 
cellulose, a mixture of enzymes is used to hydrolyze the recalcitrant glycosidic bonds. In this 
study, Cel7a and Cel6a from Trichoderma reesei were objected to digest the organic 
compound, Avicel, a microcrystalline cellulose powder. Cel6a and Cel7a proved to be efficient 
at producing cellobiose, especially when both enzymes were in a mixture. The mixture obtains 
more product than the contribution of each enzyme, which means that synergy occurs. In fact, 
hydrolysis at 1 hour and 25°C, increased product yield by 40%. This synergistic effect was 
tested by a set of experiments with different compositions of the two cellobiohydrolases at 
different temperatures, incubation time and the addition of beta-glucosidase (BG).  An 
investigation of endo-activity of the enzymes was also made by replacing the Avicel with 
carboxymethylcellulose.  
The aim of this article is to give an overview of Cel7a and Cel6a and to investigate the synergy 
between the two enzymes. We observed that higher temperatures result in more product and 
a higher synergy factor and in general favored Cel6a, however, not during 24-hour hydrolysis. 
Prolonging the time period of the hydrolysis increased the product yield, but not the 
synergistic effect. The addition of BG did not increase the product formation drastically but 
increased the synergistic effect for mixtures and shifted the optimal ratio towards Cel7a. 
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Introduction 
There is a big interest in the production of 
biofuels on an industrial scale. Bioethanol can 
be used as transport fuel, is more sustainable 
than fossil fuels, and is CO2 neutral (Walker, 
2011). Biofuel is produced from biomaterial 
from either first or second-generation 
feedstocks. First-generation  feedstock are 
sugar beets, corn etc. while second-generation 
feedstock are lignocellulosic bio-waste like 
straws, stalks, leaves, cut of branches from 
trees etc. (Walker, 2011). The use of 
lignocellulosic bio-waste solves the ethical issue 
of first generation feedstock, as second 
generation feedstock is inedible to humans 
(Walker, 2011). There are however, several 
challenging steps degrading and fermenting 
biomass into bioethanol, including 
pretreatment, enzymatic hydrolysis and 
fermentation seen on figure 1. It is especially 
challenging to degrade due to the recalcitrant 
lignocellulose, which consists of cellulose, 
hemicellulose and lignin. Cellulose degrading 
enzymes called cellulases are able to degrade 
cellulose into cellodextrins. Which are then 
fermented into bioethanol and other products. 
Different cellulases work in synergy to  
 
 
degrade the recalcitrant cellulose. The fungi 
Trichoderma reesei, an anamorph of Hypocrea 
jecorina, secretes different types of enzymes, 
such as cellobiohydrolases (CBH) Cel6a and  
 
 
Cel7a, endoglucanases (EG) and β-glucosidase 
(BG). CBH degrades cellulose by hydrolyzing the  
1,4-β-D-glycosidic bonds, releasing 
cellodextrins, mainly cellobiose (Percival Zhang 
et al., 2006).  
EG cleaves cellulose randomly in the chain 
creating new ends within the chain. BG 
hydrolyzes cellodextrins into glucose (Percival 
Zhang et al., 2006). In general, the optimal 
degradation of crystalline cellulose into glucose 
requires a CBH, EG and BG (Boisset et al., 2000). 
When the enzymes are in the same mixture, the 
amount of product obtained exceeds the sum of 
product from each individual enzyme. They 
facilitate the degradation of cellulose for each 
other without directly interacting. This effect is 
called synergy (Tomme et al., 1996). There are 
different kinds of synergy and one example is 
endo-exo synergy. It is hypothesized that endo-
glucanases are able to cleave cellulose creating 
attack points for exo-glucananses to adsorb. 
Exo-cellulases are also able to reveal more 
cellulose for the endo-cellulases to hydrolyze 
(Boisset et al., 2000).  Exo-exo synergy is a more 
surprising occurrence. 
Two enzymes cleave from each end of the  
 
substrate. In this case an exo-exo synergy will  
be observed as the enzymes being able to thin 
out cellulose layers. This study investigates the 
 
Figure 1: Overview of going from biomass to biofuel. First, biomaterial is pretreated by heat, catalysis etc. The main step is the processing 
technologies, which incorporate the enzymatic hydrolysis of the biomass, reducing it to sugars to be fermented in later steps of the cycle. The 
end-product will be, among other, biofuel. (figure made by this group) 
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synergy between the two CBHs Cel6a and Cel7a 
from Trichoderma reesei. 
  
4 
 
Cel6a and Cel7a from Trichoderma reesei 
 
Cel6a and Cel7a are regarded as processive exo-
enzymes. When bound to the ends of cellulose 
chains, they catalyze the hydrolysis of the 1, 4-
β-D-glycosidic bonds continuously along the 
chains before disassociating. However these 
enzymes may also possess endo-activity 
(Ståhlberg et al., 1993). 
 
 
Figure 2: (Left) Cel7a and (Right) Cel6a. Both enzymes consist of a 
cellulose-binding module, followed by a linker, and a catalytic 
domain The green is cellulose. The enzyme are hydrolyzing from 
the reducing and the non-reducing end respectively  (Sammond et 
al., 2012) 
 
Cel6a and Cel7a each consist of a catalytic 
domain (CD), a linker and a cellulose-binding 
module (CBM) (Hall et al., 2011) [Fig. 2]. The CD 
of each enzyme consists of a tunnel, where the 
cellulose is threaded through and hydrolyzed.  
 
Cel7a adsorbs to the cellulose from the 
reducing end and Cel6a from the non-reducing 
end (Payne et al., Jan 2015). The tunnel of the 
enzymes allows them to move along the 
cellulose in a processive manner (Davies and 
Henrissat, 1995). The linker between the CBM 
and CD is rich in serines and threonines that are 
O-glycosylated (Rouvinen et al., 1990). The CBM 
enhances the enzymes ability to adsorb to 
cellulose and move along the crystalline chain. 
It distorts the hydrogen bonds between the 
cellulose chains and guides it towards the CD. 
The CBM has been shown to play a major role in 
the thermostability of the enzymes (Hall et al., 
2011). The quaternary structure of the CBM is 
wedge shaped, with three aromatic residues 
that are exposed on the binding surface. These 
residues play a key role in the binding of the 
substrate. 
 
The CD of Cel7a consists of 434 amino acids 
(AA) and is located at the N-terminal of the 
enzyme. The linker is 24AA and the CBM is 
36AA (Hall et al., 2011). The tunnel is 50Å long, 
and has four tryptophans (Trp) distributed 
within. The Trp residues facilitate the 
hydrophobic interaction of the cellulose, with 
one Trp located at the entrance of the tunnel 
(Igarashi et al., 2011). The tunnel is tightly 
packed with very little space, making room for a 
cellulose chain and a few water molecules see 
figure 3. Inside the tunnel, 10 binding sites are 
located, 3 of them are product subsites, and the 
other 7 are for substrate (Taylor et al., 2013). 
The tunnel consists of six surface loops that are 
located near a β-sandwich. There is little 
flexibility in the tunnel of Cel7a resulting in a 
closed structure. Cel7a contains 7 disulphide 
bridges. Within the tunnel, the catalytic acids 
have been identified as glutamate residues at 
positions 212, 217. The glycosidic bonds are 
cleaved in the tunnel between the last 
substrate binding site, and the first product 
binding site (-1 +1) (Payne et al., Jan 2015). 
 
The CD of Cel6a is located at the C-terminus and 
consists of 385AA. The linker is 44AA and the 
CBM is 38AA. The tunnel is about 20Å long 
(Rouvinen et al., 1990) and has four trp 
distributed in the tunnel. Similarily to Cel7a, 
one of them is located at the entrance of the 
tunnel  (Rouvinen et al., 1990). The catalytic 
core of Cel6a is a distorted β barrel, with seven 
parallel strands (Payne et al., Jan 2015). Cel6a 
contains 2 disulphide bridges that help maintain 
the structure of the tunnel and the enzyme. The 
 
Figure 3: The structure of CD for the enzyme Cel7a. A cellulose 
chain is shown in the tunnel (yellow). The tryptophans at position 
38, 40, 367 and 376 (dark blue) guide the cellulose due to 
hydrophobic properties. In green are glutamate residues 212 217, 
where the cellulose is cleaved. PDB CODE: C4C4  
Program: Pymol, student edition. (Knott et al., 2014) 
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tunnel is tightly packed, although not as tight as 
Cel7a (Rouvinen et al., 1990). See figure 4. 
Inside the tunnel there are 6 subsites, where 4 
of them are for the substrate and the 2 
remaining are for product (Koivula et al., 2002). 
The tunnel consists of only 2 surface loops, in 
accordance with the smaller tunnel. The tunnel 
is more flexible than Cel7a (Rouvinen et al., 
1990). This also results in a more open structure 
(Kleywegt et al., 1997). The catalytic acids for 
Cel6a are 2 aspartate residues (175 and 221) 
located between subsite -1 and +1 see figure 4. 
Product subsites are initially unoccupied in the 
open form, so the cellulose chain can be placed 
at the active site. The conformation then shifts 
to a  closed form making hydrolysis possible 
(Beckham et al., 2014).   
 
 
Figure 4: The CD of the enzyme Cel6a. A cellulose chain (yellow) is 
shown in the tunnel, guided by the tryptophans at 135, 269, 272 
and 367  (dark blue). The catalytic asp residues located at 175 and 
221 are shown in green. PDB code: 1QK2 with the cellohexaose 
from PDB. Program: Pymol student edition (Zou et al., 1999) 
 
CBHs hydrolyze glyosidic bonds via acidic 
catalysis. Cel7a cleaves in a retaining 
mechanism and Cel6a cleaves in an inverting 
mechanism during hydrolysis, see figure 5. The 
position of the proton donor is identical in both 
mechanisms (Davies and Henrissat, 1995). 
Generally, in the retaining mechanism, the 
nucleophilic base, will be close to the sugar 
anomeric carbon, whereas the base in the 
inverting mechanism will be further away, and 
must accommodate a water molecule in 
between the base and the sugar. This is, 
however, not the case with Cel6a (Payne et al., 
Jan 2015), where D221 and D175 are positioned 
close to each other.  
 
 
 
Figure 5: (A). Shows the general inverting mechanism. First the 
nucleophile base will deprotonate a water molecule, which will 
result in the water molecule attacking the anomeric sugar carbon. 
The catalytic acid will then deprotonate by the help of another 
water molecule, the structure of the sugar is now inverted. (B) 
shows the general retaining mechanism. The nucleophile base 
attacks directly to the anomeric sugar carbon. At this step a sugar-
enzyme complex is formed. Here the sugar will have been 
inverted. The catalytic acid will then deprotonate and reinvert the 
sugar, thus performing a retaining hydrolysis. (Davies and 
Henrissat, 1995; Payne et al., Jan 2015) 
 
Materials and Methods 
 
Mixtures: 
P-hydroxybenzoic acid hydrazide (PAHBAH)  
mixture was prepared from solid 4-
hydroxybenzhydrazide (Sigma-Aldrich 5351-23-
5) and 50 g/L Ka-Na-Tartrate and 20 g/L NaOH 
(PAHBAH buffer). The PAHBAH reacts with 
reducing ends of carbohydrates to form yellow 
anions under alkaline conditions (Lever, 1973) 
50mL tubes were prepared with solid PAHBAH 
and mixed with PAHBAH buffer to a final 
concentration of 15g/mL. This was done 5 mins 
before its use in the experiment. 
2 L of 50 mM acetate buffer was prepared, from 
Na acetate (Sigma-Aldrich 127-09-3) in MQ 
water. The pH was adjusted to 5.03 with HCl.  
Avicel mixture is prepared from solid avicel 
(Sigma-Aldrich 9004-34-6) and acetate buffer to 
a final concentration of 50 g/L. Avicel was 
washed 3 times with MQ water then twice with 
acetate buffer and Na-azide was added. 
Cellobiose standard concentrations were made 
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from solid D-(+)-Cellobiose (Sigma-Aldrich 528-
50-7) and acetate buffer. The dilutions are 
made from a stock solution of 1mM. (standard 
conc. 1mM , 0.5mM, 0.25mM, 0.125mM, 
0.0625mM, 0.03125mM, 0.015625mM, 
0.0078125mM). Glucose standard 
concentrations were made from solid D-(+)-
Glucose (Sigma-Aldrich 50-99-7) and acetate 
buffer. The dilutions were made from a stock 
solution of 1mM. (standard conc. 1mM , 
0.5mM, 0.25mM, 0.125mM, 0.0625mM, 
0.03125mM, 0.015625mM, 0.0078125mM).  
 
Enzymes: 
All enzymes are expressed and purified at 
Novozymes, Bagsværd. Enzymes solutions were 
made from a stock solution and the 
concentrations were calculated from A280 
values and molar extinctions coefficients (Ƹ). 
Cel6a A280 = 16.9; Ƹ: 97790 M-1 and Cel7a A280 
= 6.7; Ƹ: 86760 M-1. 11 dilutions from 10 µM to 
0 µM were made from the stock solutions.  
Other enzymes: The endo-glucanase EGIII 
(Cel12a) from Trichoderma reesei A280 =24,0;  
Ƹ: 73340 M-1 and the β-glucosidase from 
Aspergillus fumigatus A280 = 32.2 Ƹ: 178800 M-1 
. 
 
Methods:  
Eppendorf tubes with 1µM enzyme (mono 
component or mixture) and 40g/L Avicel in a 
total volume of 500 µl were made in triplicates 
for each sample. The samples are incubated in 
an Eppendorf thermomixer C at 1100 rpm at 
25°C for 1 hour. Then centrifuged for 5 minutes 
at 1400 rpm to stop the reaction. 50µl of the 
supernatant from each sample were transferred 
to a PCR plate. 75 µL PAHBAH was added to 
each sample. The plate was incubated at 75°C 
without shaking for 20 minutes. Lastly, 100µL 
were transferred to a microtiter plate and 
endpoint absorbance at 405nm was measured 
by spectrophotometer (Spectramax i3, 
molecular devices). (See appendix 2 for 
equipment). To observe how the synergy is 
affected by temperature, time and addition of 
10% BG, these parameters are changed (Table 
1). 
 
CMC: This investigation was conducted with 
three samples over the course of 24 hours, with 
three time stamps, 1 hour, 5 hours and 24 
hours at 25°C. 1µM of Cel6a and Cel7a 
respectively, 4 g/L of CMC and buffer was mixed 
to a final volume of 500µL. In addition, a 
positive control, endo-glucanase (EGIII) was 
used. The reactions were stopped with 50µL of 
1M NaOH. PAHBAH was added to the mixture 
incubated and measured. The experiment is 
performed with CMC substrate to investigate 
endo-activity. The carboxylic acid sidechain of 
the cellulose stalls the exo-activity of the 
enzyme.  
ICS: For the ICS- product profile, 5 standards 
were prepared (Glucose, Cellobiose, Cellotriose) 
in 50mM Acetate buffer pH 5.0 to a final 
volume of 1ml each. The standards are made 
from a stock of 10µM, 100 µM, 12.5 µM. Mono-
coponent of Cel6a and Cel7a were subjected to 
Exp
# 
Param
eters 
Differs from Standard 
Experiment 
1 1hr 
25°C 
See method above. 
2 1hr 
25°C 
BG 
Instead of buffer, 50µL BG 
was added to a final 
concentration of 0.1µM BG. 
3 24hr 
25°C 
After adding the 50µL 
enzyme mix and 50µL buffer 
to the avicel, the samples 
were incubated for 24 hours, 
instead of 1 hour. 
4 1hr 
50°C 
The samples were incubated 
at 50°C instead of 25°C 
5 24hr 
50°C 
After adding 50µL enzyme 
mix and 50µL buffer to the 
avicel the samples were 
incubated for 24 hours at 
50°C. 
6 1hr 
50°C 
BG 
50µL BG was added instead 
of buffer. The samples were 
incubated at 50°C. 
Table 1: Different parameters of the experiments conducted 
for this article. 
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the experiment, as well as a 50:50 mix. The 
procedure was a standard experiment, however 
the tests were diluted 10 times and 50 µl of 1M 
NaOH was used to stop the reaction. 
Results 
All experiments are made in triplicates and 
average values are presented in the different 
graphs.  Throughout he results and discussion, 
all ratios are given by Cel6a:Cel7a. 
 
1. Standard Experiment: Hydrolysis with Cel6a, 
Cel7a and mixture of Cel6a and Cel7a at 1hour, 
25°C. 
Figure 6A shows the product over enzyme 
concentration for Cel6a. The concentration of 
cellobiose obtained, when the concentration of 
Cel6a is 1µM is 0.39 mM. This value was 
calculated from the standard curve (see 
Appendix 3). Figure 6B shows the same 
experiment for Cel7a. The highest product yield 
obtained was 0.24 mM. 
In figure 7 the enzymes were mixed in different 
ratios, to a final concentration of 1 µM, to 
investigate the synergistic effect, at standard 
conditions. The expected value of product-
concentration was calculated as the sum of the 
product obtained from pure Cel6a and pure 
Cel7a at a given concentration (see appendix 3). 
It is observed that the expected value roughly 
correspond to a straight line between the two 
outer points. Therefore throughout the results, 
the expected value is obtained by drawing a 
straight line from the outer points of the 
measured synergies corresponding to pure 
enzyme from 1µM to 0. The drawn line will be a 
little lower than the actual experiments 
resulting in a higher synergy factor. For 
experiment 1 the difference between the 
expected and the measured value is 0.18 mM at 
70:30. However, this does not correspond to 
the highest amount of product, which is 
0.55mM at 60:40. The synergy effect of adding 
a small amount of either Cel7a or Cel6a to pure 
Cel6a and Cel7a, respectively, can be visualized 
by looking at the slope between the two points. 
The slope is steeper for Cel7a than Cel6a, 
indicating a small amount of Cel6a in Cel7a 
makes a significant difference, compared to a 
small amount of Cel7a in Cel6a. 
 
 
 
Figure 6: (A) Cel6a in concentrations 0 - 1µM and the 
corresponding concentration of product cellobiose, calculated 
from standard curve (Appendix). (B) The corresponding curve for 
cel7a at concentrations 0 - 1µM. 
 
 
Figure 7: Standard experiment. Shows pure Cel6a from 1µM-
0µM, and pure Cel7a 0µM-1µM. The second line from the top is 
the expected value of different compositions of Cel6a and Cel7a, 
and the top line is the measured value of the mixtures. 
 
2. Experiment: Standard experiment with BG. 
The effect of BG on the synergy was also 
investigated (fig. 8). The product curve has a 
maximum at 60:40 with a value of 0,8mM. The 
synergy graph has been timed by 47% to fit with 
the mono-component measurements at 1µM. 
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The peak is broad; similar to experiment 1, the 
slope is steeper for more Cel7a than Cel6a. If it 
is assumed that Cel6a and Cel7a only release 
cellobiose and no inhibition takes place, the 
signal for the experiment with BG would be 
twice as high compared to the experiment 
without BG. The product from pure Cel6a is 
1,97 times higher than the standard 
experiment. The product yield from Cel7a is 
1,46 times higher. However, the product from 
the experiments without BG is not only 
cellobiose.  The product was analyzed with Ion 
Chromatography System (ICS). These results 
showed that Cel6a and Cel7a also release 
smaller amounts of glucose and cellotriose. For 
chromatogram see appendix 4. 
 
ICS experiment: Figure 9 and 10. The ICS data 
showed that Cel6a and Cel7a do not only 
produce cellobiose, but also glucose and 
cellotriose. This can either happen when the 
cellulose chain ends in an uneven number or if 
the enzyme starts with a cellotriose or glucose. 
The results for this experiment did not show the 
real amount of product, but the relative 
amount, due to technical difficulties in the lab.   
The character of product from Cel6a was 81% 
cellobiose, 16% cellotriose and 3% glucose. This 
could indicate that Cel6a either starts or ends 
its hydrolysis with a cellotriose.  
The character of the product for Cel7a was 82% 
cellobiose, 12% glucose and 6% cellotriose. 
Cel7a might start or end the hydrolysis process 
with a glucose. When the two enzymes were in 
a 50:50 mixture for this experiment, the 
character of the product was 79% cellobiose, 
16%cellotriose and 5% glucose. The amount of 
cellobiose is lower when combined than the 
individual enzymes 
 
               
 
Figure 9: Pie chart in percentage of Cellodextrins produced by 
Cel7a and Cel6a respectively. These amounts are relative amounts.  
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Figure 8: Experiment number 2. Cel6a, Cel7a, expected value and 
mixture of Cel6a and Cel7a. All with BG. 
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Figure 10: Pie chart in percentage of cellodextrins produced by a 
mixture of Cel6a and Cel7a. These amounts are relative amounts 
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3. Experiment: Standard experiment for 24 
hours, figure 11. 
The product obtained from Cel7a is 10 times 
higher than the product obtained for standard 
experiment. For Cel6a the product is 7.8 times 
higher. The peak is very broad, ranging over all 
the enzyme ratios. The graph is steeper for 
higher concentrations of Cel7a than Cel6a. The 
maximum product obtained is 4.57 mM 
cellobiose for the 50:50. 
  
 
Figure 11: Experiment number 3. 24 hour 25°C 
The measured result from the enzyme mixture (top curve). The 
expected value (The line below the synergy curve). And values of 
Cel6a and Cel7a. These values were obtained by drawing a 
straight line between the outer points. This is justified by the 
investigation done earlier on pure Cel6a and Cel7a, showing that 
the product over enzyme concentration showed a linear tendency. 
 
4. Experiment: Standard Experiment at 50°C, 
figure 12. 
For this experiment, the product curve peaks at 
70:30 with a value of 2.1 mM cellobiose 
product. This product concentration is almost 4 
times higher than the corresponding 
experiment at 25°C. The synergy peak is slightly 
skewed towards Cel6a at 50°C. The synergy 
curve indicates an off point at 30:70. The 
product obtained for pure Cel6a is 2.5 times 
higher than in the standard experiment. For 
Cel7a the product is 3.5 times higher. 
 
 
Figure 12: Experiment 4  1hour 50°C. The product yield is highest 
at 70:30 indicating that Cel6a works more efficient than Cel7a 
under these conditions. The peak is at 2.1mM 
 
5. Experiment: Standard Experiment at 24 hours 
50°C, figure 13. 
The product curve has a broad peak, similar to 
experiment 1 and 3. The maximum peak is 18 
times higher than the maximum peak in the 
standard experiment with a value of 10 mM 
product. The product formation from pure 
Cel7a exceeds the product from Cel6a. This is 
the only experiment where pure Cel7a produces 
more product than pure Cel6a. Cel7a produces 
6.04 mM and Cel6a produces 3.80 mM. Cel7a 
produces 25 times more product than in the 
standard experiment. Cel6a produces 10 times 
more product.  
 
 
Figure 13: Experiment 5 Standard experiment at 24 hours 50 
degrees. Mono-component Cel7a exceeds product yield from 
mono-component Cel6a. This experiment shows the highest 
product yield at 10mM at 60:40, although the peak is 
indistinguishable.  
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6. Experiment: Standard experiment for 1 hour 
at 50°C with BG, figure 14. The product curve 
for the experiment is broad, but has higher 
values for more Cel6a than Cel7a. The 
maximum is at 50:50 ratio with a value of 4.5 
mM. The curve is high for the mixed ratios 
compared with the pure enzymes. Pure Cel6a 
has a value of 2.4 mM which is 6.1 times higher 
than the standard experiment, while pure Cel7a 
has a value of 1.76 which is 7.3 times higher. 
Compared with experiment 2, the maximum 
product formation for experiment 6 is 3.4 times 
higher. 
 
 
Figure 14: Experiment 6. 1 hour 50°C BG. These conditions 
slightly favors Cel6a. The maximal product yield obtained is 
4.5mM at 50:50.  
 
CMC Experiment 1 hour, 5 hour and 24 hours at 
25°C, figure 15. 
The purpose of this experiment is to examine if 
the enzymes possess any endo-activity. The 
carboxymethyl cellulose (CMC) is a cellulose 
derivative with a carboxymethyl group to 
disrupt the exo-cellulases of both enzymes 
Cel6a and Cel7a. The histogram (Fig. 16) shows 
single data values for each time stamp. The 
results were obtained from triplicates and 
corrected average. EG shows around 0.8 mM 
product for 1, 5 and 24 hours. It is assumed that 
this is the maximum product that can be 
obtained. Both Cel6a and Cel7a show product 
formation. Cel7a shows a slight increase over 
time however the product formed is still lower 
than Cel6a. 
 
 
Figure 15: Experiment CMC. This experiment was conducted with 
the use of carboxymethyl cellulose as substrate. EG acts as 
positive control, and shows maximum product yield after 1 hour 
around 0.8 mM. Cel6a exhibits more endo-activity than Cel7a 
although they both form product. 
 
Synergy Factors  
 
For each experiment the synergy factor is 
calculated for all enzyme mixtures of Cel6a and 
Cel7a. The synergy factor is defined as the 
relative value between the expected and the 
measured value. The synergy factor quantifies 
the synergistic effect (ℵ) for a specific enzyme 
mixture in a given experiment. The synergy 
factor is calculated as: 
 
ℵ =  𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑃𝑃𝐶𝐶𝑠𝑠𝐶𝐶6𝑎𝑎 + 𝑃𝑃𝐶𝐶𝑠𝑠𝐶𝐶7𝑎𝑎 
 
The ℵ  are then plotted against the enzyme 
ratio (Fig. 17). The figure illustrates the 
synergistic effect at a certain enzyme ratio for 
the different parameters. 
A general observation is, that the synergy factor 
for all the experiments has a steep increase 
from pure enzyme to 10:90. The slopes are very 
alike for this ratio. For 90:10 the slopes are very 
different from each other. For the ratios 10:90-
30:70 the curves almost have a vertical slope, 
except for experiment 1. It is observed that the 
experiments where temperature was changed, 
experiment 4 and 5, have an optimum at the 
mixtures with more Cel6a. Experiment 2 and 6, 
have an optimum towards more Cel7a, along 
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with experiment 1 and 3. Experiment 1 and 3 
have the lowest synergistic effect. Their curves 
are very alike with approximately same values.  
They are both steadily increasing along with the 
addition of Cel7a, reaching a maximum ℵ  
around 20:80 with a value of 1.8 for experiment 
1 and 1.6 for experiment 3. Experiment 2 and 6 
are slightly higher, experiment 6 being the 
highest of the two. Also experiment 6 has the 
highest synergistic effect for more Cel7a. 
Experiment 2 has a maximum at 30:70 with a 
value of 2.0. Experiment 6 has a maximum 
value at the same ratio with a value of 2.2. Both 
experiments increase slowly from Cel6a, 
peaking towards more Cel7a. 
Experiment 4 and 5 has higher ℵ  for more 
Cel6a. Experiment 4 has the highest ℵ  of all the 
results with a maximum value of 2.23 at 70:30. 
Experiment 5 peak at the same ratio, but with 
an ℵ  value of 2.19. 
 
 
 
Figure 16 product curve. Product yield from all experiments. 24h 50° C is seen as the experiment with the highest product yield.  
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Figure 17: Synergy factor curve. This graph shows the synergy factor for all experiments. It is observed that the experiments at 50°C, favor Cel6a whereas the 
addition of BG favors Cel7a. It is also seen that Cel6a has a smaller increase in synergy if it is exposed to heat for a prolonged time.  1h and 24h 25°C experiments 
do not differ sigificantly in synergy factor despite the difference in product yield. All the expected values are obtained by drawing a straight line from the outer 
points of the mono-components. This is also done on experiment 1 and 2 to enable a more direct comparison. 
 
 
     Product Synergy  
Experiment Parameters  
Cel6a 
(mM) 
Cel7a 
(mM) 
Ratio 
(Cel6a/Cel7a) 
Optimal 
ratio  
 Peak size 
(mM) 
Optimal 
ratio  
 Peak size  
1 1hr 25C 0,40 0,24 1,67 60:40 0,55 20:80 1,79 
2 1hr 25C BG 0,73 0,35 2,09 40:60 1,33 30:70 2,04 
3 24hr 25C 3,05 2,40 1,27 50:50 4,57 20:80 1,70 
4 1h 50C 0,98 0,84 1,17 70:30 2,10 50:50 2,23 
5 24hr 50C  3,79 6,04 0,63 40:60 10 70:30 2,19 
6 1hr 50C BG  2,41 1,76 1,37 50:50 4,55 50:50 2,18 
Table 2: Shows the parameters for the 6 different experiments and their different optimums, both for mono-components and in mixture. Optimal ratio for 
product yield and synergy factor is seen for all experiments. 
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Discussion 
This study has clearly demonstrated that 
synergy occur between Cel6a and Cel7a as 
shown earlier (Igarashi, 2013). We found 
synergy in all experiments made throughout the 
project with different parameters changed. The 
different results will be discussed in the 
following section.   
 
Experiment 1 and 3  
As seen on figure 7 and 11 mono-component of 
Cel6a and has a higher product formation than 
Cel7a. This could be due to Cel6a having a more 
open structure than Cel7a, which would enable 
Cel6a to dissociate from the cellulose, when it 
encounters an obstacle(Jalak and Väljamäe, 
2010). Product from Cel7a has increased 10 
times, compared to 1 hour, and product from 
Cel6a has increased 7.8 times. This indicates 
that Cel7a contributes more to product 
formation over time. Their activity decreases 
over time, showing a nonlinear increase in 
product over time (Yang et al., 2006). The 
product yield from the 24 hours experiment is 
not 24 times higher than the 1 hour 
experiment.  An explanation for this loss of 
activity over time could be due to a decrease in 
accessible cellulose chain ends. Therefore, if the 
most accessible cellulose is hydrolyzed first the 
activity loss could reflect the lack of easy attack 
sites. An excessive amount of substrate was 
present in this study. However, according to 
Yang et al. cellulose substrate does not lose 
reactivity during hydrolysis (Yang et al., 2006). 
Furthermore Igarashi et al. has shown that the 
activity of the enzymes depend on the available 
lanes on the cellulose chains. If an enzyme 
encounters an obstacle, it will stall and be in a 
non-productive mode. This will also result in the 
following enzymes in the same lane coming to a 
halt, which could reflect the loss of activity over 
time (Igarashi et al., 2011). Cel7a would possibly 
be more affected, due to its more closed 
structure, and stronger substrate adsorption. 
Besides denaturing and stalling of enzymes, a 
high concentration of cellobiose in the mixture 
might inhibit the product release from the 
tunnel of the enzymes.  
 
Experiment 2 and 6  
The hydrolysis was performed with the 
presence of BG to affect the synergy between 
Cel6a and Cel7a and ℵ. The amount of product 
was almost doubled for experiment 2 and more 
than doubled for experiment 6 compared to the 
corresponding experiment without BG. One 
explanation for that could be that the enzymes 
also release cellotriose. As seen from the ICS 
data (figure 10), the enzyme mixture releases 
16% cellotriose which could explain the higher 
signal for experiment 6. BG cleaves cellotriose 
into glucose therefore the signal would be 3 
times higher than the corresponding signal of 
cellotriose. Since the product is close to twice as 
high for experiment 2, the differences could 
also simply be due to experimental uncertainty 
from experiment to experiment. Product 
inhibition has been demonstrated by Murphy et 
al. The study showed that Cel7a lost 25% 
activity with addition of 5.5 mM cellobiose or 
120 mM glucose. Cel6a lost 25% activity with 
the addition of 42 mM cellobiose or 17 mM 
glucose. The experiments were conducted 
on regenerated amorphous cellulose (Murphy 
et al., 2013).  
This does not appear clearly for the product 
curves, however the pure product ratios (as 
seen in table 2) are higher for the experiments 
where BG is present, than in the experiments 
without. For experiment 2 and 6 the ratio is 
2,09 and 1,37 respectively. For experiments 1 
and 3 the ratio is 1,67 and 1,27. Experiments 
where BG is present a larger ratio of 
Cel6a/Cel7a equals either a lower product yield 
from Cel7a or a higher product yield from Cel6a 
or both. The shift of this ratio indicates that 
Cel7a is inhibited by cellobiose or Cel6a is 
inhibited by glucose. 
  
Experiment 4 and 5 
For experiment 4 the product formation from 
pure Cel6a is higher than for pure Cel7a. This 
indicates that Cel6a works more efficiently at 
50°C. However, experiment 5 is the only 
experiment where the product formation from 
pure Cel7a exceeds the product formation from 
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pure Cel6a. This insinuates that Cel7a is more 
efficient over time at higher temperatures, 
which can be correlated to thermostability. The 
higher thermostability of Cel7a could be due to 
a difference in amino acids and folds, 
contributing to the rigidity of the enzyme, as 
well as a higher number of disulfide bridges 
compared to Cel6a, as seen on figure 4. Alasepp 
showed that Cel7a has more thermostability 
than Cel6a (Alasepp et al., 2014). Thereby Cel6a 
might work better at 50 °C however, will start 
to denature after prolonged exposure to heat, 
hence the decrease in activity. 
 
CMC: 
As seen on figure 15 at all three time stamps 
Cel6a showed a higher product formation than 
Cel7a. The higher product yield from Cel6a, can 
be interpreted as Cel6a exhibiting more endo-
activity than Cel7a. The endo-activity is likely 
due to the more open structure of Cel6a, 
especially at the tunnel. The structure of the 
tunnel is more flexible for Cel6a, which allows 
the enzyme to attack the CMC at random 
locations. Moreover, the CD of Cel6a is smaller 
than the CD of Cel7a, which could make it easier 
for the former enzyme to attack in between 
carboxymethyl sidechains. Cel6as’ higher 
activity on CMC could be that the tunnel needs 
less consecutive glucose molecules bound, 
before being able to hydrolyze, whereas Cel7a 
may need more. It could also be hypothesized 
that this structure allows easier disassociation 
of the enzyme when it encounters an obstacle. 
Cel7a also shows some product formation, in 
accordance with Ståhlberg, Boisset, who 
showed that both enzymes possess some endo-
activity (Boisset et al., 2000; Ståhlberg et al., 
1993). However, the carboxymethyl groups are 
not necessarily distributed equally, hence some 
of the cellulose chain ends might not be 
carboxylated. Therefore, parts of the signals 
could be due to exo-activity. These results alone 
do not reflect the amount of endo-activity, due 
to the nature of CMC, but it indicates that Cel6a 
has a better capability for endo-cleaving than 
Cel7a. 
 
Synergy Factor Curve 
 
From figure 17, ℵ  does not differ significantly 
between the composition 40:60 to 10:90, as the 
slope is close to 0 for all experiments. For the 
mixtures with more than 50% Cel6a the slope of 
the ℵ  depends on the parameters. 
Experiments 1 and 3 are the ones with the 
lowest ℵ value. They have approximately the 
same ℵ  throughout the ratios, indicating that 
time does not affect ℵ. This indicates that there 
is no direct correlation between product yield 
and the ℵ. 
Experiments 2 and 6 have the highest ℵ at 
mixture 30:70. Therefore, Cel7a contributes 
more to product release compared to the 
expected value. This could indicate that Cel6a is 
more inhibited by glucose and Cel7a might be 
more inhibited by cellobiose. This would 
correlate with the result from Murphy et al. 
Experiments 4 and 5 have the highest ℵ, and 
peaks at 70:30. As discussed earlier the 
structure of Cel6a contributes to its ability to 
easier disassociate from the cellulose, which is 
highlighted by both the product curve and the 
ℵ. When temperature is increased, the reaction 
rate will be higher and will enable the enzymes 
to dissociate and prevent stalling, which could 
explain the higher product yield when 
comparing experiments at 25°C to 50°C. The 
increase in ℵ is harder to explain. It could 
possibly be due to an increase in endo-activity 
of the enzymes at 50°C.      
 
Conclusion 
 
In summary, our results support that synergy 
occur between Cel6a and Cel7a.This article 
suggest that there are several factors that can 
influence the ℵ and the product formation 
when dealing with the enzymes from T.r. Cel6a 
and Cel7a. We suggest that both Cel6a and 
Cel7a have exo and endo-activity and that time 
does not affect ℵ but that temperature and the 
addition of BG do. Cel7a is inhibited most by 
cellobiose, and Cel6a is inhibited most by 
glucose. The peak of the ℵ shifted towards 
Cel6a for 50°C for short time intervals and 
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towards Cel7a for the experiments with BG. 
Cel6a has the more open structure and flexible 
tunnel, making it efficient at hydrolyzing 
cellulose and disassociating if an obstacle is 
encountered. The shifts of peaks indicate that 
the two enzymes have different optimal 
conditions, and the synergistic effect is a result 
of one enzyme contributing to the other. The 
most product formation is seen for experiment 
5 corresponding to 24 hours and 50 degrees. 
 
Future perspectives 
Giving the findings of this article, further 
researches are crucial and should explore 
different parameters such as substrate or 
enzyme concentrations. Also experiments with 
BG for 24h at 25 and 50°C, to see the effect on 
the product yield and ℵ. Moreover, an increase 
in time steps and varying temperatures could 
be interesting to investigate both loss of activity 
and denaturation.   
Furthermore, an interesting aspect could be 
making structural changes to the enzymes to 
define the rate-limiting steps such as handling 
heat for a prolonged time period or investigate 
the inhibition of the enzyme by the different 
product. It could also be interesting to see how 
the removal and addition of a CBM would affect 
the synergy and the ability to adsorb to 
cellulose. Producing chimeras of the enzymes 
could also be a future perspective. If for 
instance Cel7a combined with a Cel6a CBM, or 
Cel6a combined a Cel7a CBM, in an effort to 
produce enzyme that either had less product 
inhibition or could cope with prolonged 
exposure to heat. Moreover, a chimera 
consisting of both CD linked together could also 
give rise to the enzymes making synergy with 
itself.   
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Appendix 1  
Equipment and materials  
Spectramax i3, molecular devices 
(http://www.moleculardevices.com/systems/mi
croplate-readers/multi-mode-
readers/spectramax-i3x-multi-mode-detection-
platform) 
Software: softmax pro 6.3 
The reading of the 96-wells plate is done with 
this machine. As the PAHBAH turns yellow in 
presence of cellulose, the fluorescence is 
measured at 405nm and the data presented in a 
table on the software. 
Multipipettes: Sartorius eLine, 50 - 1200 µL; 10 - 
300 µL. Optifit tips cat. no. 790352 
Accurate electronic multipipettes, practical for 
adding the enzymes and the PAHBAH assay in 
the 96-wells. 
Pipettes: Eppendorf research, 20 - 200 ; 2 - 50 ; 
100-1000. Physiocare concept Eppendorf tips 
Mechanical pipettes to manually add the 
different concentrations to our mixtures. We 
can assume 1µL of uncertainty. 
Eppendorf thermomixer C, 96 wells PCR and 2.0 
ml Eppendorf tubes 
Eppendorf minispin plus: the centrifuge used to 
stop the reaction after incubation. 
 
 
 
 
 
 
 
Appendix 2 
Standard curve 
Concentrations are obtained from the 
measured absorbance. A cellobiose and glucose 
standard dilutions are prepared with 8 
dilutions. For every experiment the absorbance 
was measured for the standard dilutions. The 
dilutions was treated with PAHBAH reagent in 
the same way as in the experiment. From the 
dilutions a linear fit was obtained and the slope 
coefficient was used as the conversion factor 
from absorbance to concentration. In table x, 
the R2 values of the standard curve fit is listed 
and the slope coefficient.  
 
R2 Slope coefficient 
𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑎𝑎 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  
0,999793292 1,944633482 
0,999150612 2,029440637 
0,999795307 2,279361535* 
0,999782297 2,254333822* 
0,999539438 1,847814209 
0,999814201 1,263933677 
0,999669254 1,899121948 
0,999312332 2,050282197 
Table 1: standard curves.  
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Appendix 3 
Enzyme composition 
 
Pure enzyme solution MIX 
µL 
Buffer 
µL 
Cel6a 
µL 
Cel7a 
mL 
Cel6a 
mL 
Cel7a 
500 0 0 2.0 0.0 
450 50 50 1.8 0.2 
400 100 100 1.6 0.4 
350 150 150 1.4 0.6 
300 200 200 1.2 0.8 
250 250 250 1.0 1.0 
200 300 300 0.8 1.2 
150 350 350 0.6 1.4 
50 450 450 0.2 1.8 
0 500 500 0.0 2.0 
Table 2: Mixture of the enzymes. 
 
 
 
 
 
Appendix 4 
ICS standard and chromatogram 
 
 µM Glucose 
µM 
Cellobiose 
µM 
Cellotriose 
STD 1 1 10 1.25 
STD 2 2 20 2.5 
STD 3 3 30 3.75 
STD 4 4 40 5 
STD 5 5 50 6.25 
Table 3: ICS standards.  
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